Thermally expandable microcapsules, often called microspheres or microballoons, are utilized in compression, injection molding and extrusion processes to foam different types of polymers. Microballoons consist of a polymer shell and a liquid hydrocarbon core.
INTRODUCTION
Recently, requirements for further reducing the weight of plastic parts, especially automotive parts for mileage improvement, have been established. Plastic parts other than those used in the automotive industry also require a reduction in weight without deteriorating their mechanical properties and appearance. Polymer foaming is one of the most promising techniques for realizing weight reduction. Polymer foaming methods can be roughly divided into two groups: chemical foaming and physical foaming. Chemical foaming uses chemicals that release gas, such as carbon dioxide (CO2) and nitrogen (N2), by thermal decomposition. The released gas dissolves into the polymer or directly leads to bubble expansion and the formation of a cellular structure. Physical foaming does not involve any chemical reaction. It simply uses butane, pentane, CO2 or N2 as a blowing agent.
Thermally expandable microballoons are used in physical foaming, in which polymeric capsules are used to foam polymers. A low-boiling-point hydrocarbon liquid, such as octane or pentane, is encapsulated by a polymeric shell. By mixing microballoons with a thermoplastic polymer and allowing them to thermally expand, the polymers can be foamed.
When microballoons are heated, they expand to 50-100 times their initial volumes.
The polymeric microballoon was originally developed by Dow Chemical Co. (Morehouse et al, 1964) and has been advanced by others (Lundqvist, 1992 , Yokomizo, et al, 1997 .
Nowadays, microballoons are available in a variety of grades (Jonsson 2006) , and have been used in car parts (Mae et al, 2008 a,b) , shoe sole production, vinyl plastisol formulations (Ahmad et al, 2001) , as well as the rotational molding of linear low-density polyethylene and ethylene-vinyl acetate (Takacs, et al. 2002 , D'Agostino et al, 2003 . Even though there a large number of patents and application reports have been issued, scientific papers, which discussed the synthesis and properties of the microballoon, have been still limited. In the early stage, the researches on polymeric microballoons were directed to the investigations of the effects of the existing microballoons on mechanical property of the foam (Lawrence et al , 2001 ; Mae et al, 2008 a, b and Gupta et al (2004) ). Recently, some papers related to synthesis and expandability of the balloons. Kawaguchi et al. (2004 and 2005 ) developed a thermally expandable microballoon for foaming polypropylene (PP) that required high processing temperatures above 200 o C. This temperature range cannot be accommodated by conventional thermally expandable microcapsules. Jonsson, et al., (2009; synthesized the microballoons and investigated the relation among their expandability, balloon size and the structure of crosslinker. Kawaguchi et al. (2010; 2011) In this study, the microballoon model was re-designed by considering the viscoelastic behavior of the shell to improve the predictability of the microballoon's expansion behavior both in air (free expansion) and in a polymer matrix.
MATHEMATICAL MODELS OF MICROBALLOON

Assumption for model development
A mathematical model was developed to describe the expansion behavior of a microballoon both in air and in a polymer matrix. It was considered that the expansion behavior comprises three basic phenomena: 1) deformation (expansion) of the polymeric shell, 2) evaporation of the liquid hydrocarbon blowing agent and establishment of a vapor pressure in the microballoon and 3) diffusion of the hydrocarbon blowing agent from the inside to the outside of the balloon.
Microscopy images of a microballoon before and after expansion are illustrated in Figure   1 . From these images, a simple microballoon structure was constructed to have three major components: 1) a polymeric shell (outer layer), 2) a hydrocarbon liquid layer (middle layer) and 3) a hydrocarbon gas phase (inner layer), as illustrated in Figure 2 . To develop a microballoon model, the following assumptions were made for the abovementioned microballoon structure:
a) The balloon expands uniformly along the radial direction. In other words, the radius of the balloon changes while maintaining the balloon's spherical shape.
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b) The polymeric shell is deformed uniformly along the radial direction only without any degradation (reactions) or breakup. The polymer properties are not altered by expansion.
c) The change in the density of the polymer shell with temperature is negligible.
d) The heat transfer in the balloon is so fast that the temperature of the balloon can be considered to be uniform and equal to the temperature of the surrounding media.
e) The effect of inertia on the deformation and fluidization of the polymeric shell is negligible because of the low Reynolds number: Because the radius of the balloon is several micrometers and the viscosity of polymer is high, the Reynolds number could be considered to be low.
f) There is no stress distribution in the polymer shell. The stress in the shell is uniform.
g) The shell polymer and the matrix polymer are viscoelastic and incompressible h) The blowing agents satisfy the ideal gas law
i) The permeability of the liquid in the shell polymer is negligible compared with that of the gas. Only the permeability of the gaseous blowing agent in the shell polymer is considered.
j) The driving force of the permeability of the gas in the polymeric shell is governed by the difference in the partial pressures of the blowing agent inside and outside of the balloon.
With these assumptions, three basic equations, i.e., an equation of continuity, a momentum balance equation and the material balance equation of the blowing agent, were developed using a constitutive viscoelastic equation and the ideal gas law.
Model Equations of Free Expansion in Air
In the developmental stage of a microballoon, the expandability of the microballoon is experimentally tested in free-expansion mode: a specified number of microballoons are placed in a temperature-controlled transparent vessel, the vessel is heated to expand the balloons at a given temperature under atmospheric pressure and the volumetric change before and after expansion is measured. Therefore, we first developed a models of an isolated microballoon suspended in air to describe the expansion behavior during the course of heating.
Equation of Continuity
With the assumption of the incompressibility of the shell polymer (g), the equation of continuity of the polymer is given by
) and invoking assumption (b), the velocity of deformation or flow can be described by ( 
Using the expressions 
Integrating Eq. (6) yields
where 0 V is a constant volumetric parameter.
By introducing an expansion ratio,
, Eq. (7) can be rewritten as follows:
where the superscript (0) indicates the initial value of the variable.
Eq. (8) is the equation of continuity for describing changes in the radius and thickness of the polymer shell.
Momentum Balance Equations:
The momentum balance equation for a microballoon is as follows: 2 ( ) ( )
Assumption ( 
Integrating both sides of Eq. (11) with respect to r from in R to ex R gives
The force balances at the inner and outer surfaces of the polymeric shell are as follows:
At the outer surface
where Pin and Po, respectively, denote the pressure inside the balloon and that of the media (air or polymer) surrounding the balloon.
together with Eqs. (5) and (8), the right-hand side (RHS) of Eq.
(12) can be simplified to
, taking the Taylor expansion and substituting Eq. (8), the last term of Eq. (12) (LT Eq(12)) can also be simplified to
Then, neglecting the inertia, i.e.,
The stress difference in Eq. (15), σ Δ , can be calculated by the following constitutive equation for a viscoelastic shell polymer.
Constitutive Equation (Stress-Deformation)
The viscoelasticity of the shell polymer is described by the upper convective Maxwell model: 
Material Balances of Blowing Agent
A mixture of hydrocarbons is often used as the blowing agent. The model was developed to accommodate not only single but also multiple hydrocarbon components. From assumption (h), the pressure inside the microballoon is established by the vapor pressure of the hydrocarbon and can be determined by
where Pk is the partial pressure of the k th component of the blowing agent. Mk is the molecular weight of the k th component of the blowing agent, and R is the universal gas constant. myk is the mass of the blowing agent in the gas phase. Rgas is the radius of the gas phase in the microballoon, as illustrated in Fig. 2 .
The total volume of the balloon core should be equal to the sum of the volumes of the gas and liquid phases, as shown in 
where ρLk is the liquid density of the k th component of the blowing agent and mxk is the mass of the k th component of the blowing agent in the liquid phase.
The evaporation rate is a function of the saturation pressure, sat P , of the blowing agent at temperature T:
where kmk is the mass transfer coefficient of the k th component of the blowing agent. The saturation pressure, The blowing agent permeates the polymer shell and diffuses from the balloon after its liquid phase disappears (assumptions (i) and (j)). The mass flow rate from the inside to the outside of the microballoon is given by
k is the permeability coefficient and
is the average shell surface area.
mzk is the weight of the blowing agent diffusing from the balloon.
The total mass balance of the k th component of the blowing agent is given by
Model Equations of Expansion in Polymer
As mentioned before, the performance of a microballoon is often evaluated by conducting an expansion test in air. However, in practice, the balloon is used by blending with thermoplastic polymers to foam the polymers. Therefore, it is also important to develop models describing the expansion behavior of a balloon in a polymer matrix. The free-expansion models for a microballoon could be extended to describe the foaming behavior in a polymer matrix with some modifications of the momentum balance and material balance equations.
Momentum Balance Equations:
When the microballoon is placed in a polymer matrix, Eq. (11) 
where subscript s and p stand for the variables related to shell polymer and polymer surrounding the microballoon (matrix polymer), respectively.
As a boundary condition, the force balances at the interface between the balloon and matrix polymer and at the inner surface of the polymeric shell (i.e., interface between polymer and gas) are, respectively, given by 
Material Balances of blowing agent:
Eqs. (18)- (22) and (24) can be applied to the case in which the microballoon is placed in a polymer matrix. Eq. (23) should be modified to calculate the concentration profiles of the blowing agent in the polymer matrix as well as the mass transfer of the agent by diffusion.
Assuming that the diffusion of the k th component of the blowing agent follows Fick's laws and does not affect the diffusion mechanisms of the other components, the following mass balance equations are satisfied.
where k eff D , is the diffusion coefficient of the k th component of the blowing agent in the matrix polymer. Based on the assumption that the blowing agent follows Henry's law (Eq. (34)), cRk is calculated as follows: 
VISUAL OBSERVATION EXPERIMENTS AND SIMULATION RESULTS
To determine the unknown parameters and confirm the predictability of the developed models, an experiment performed by visual inspection was conducted using the set-up illustrated in Figure 4 . Figure 4 Experimental set-up used to observe microballoon expansion A microballoon was placed in a view cell, which features two sapphire windows on both of its walls; the size of the cell is given elsewhere. Then, the balloon was heated by electrical heaters to a specified temperature. With the optical light source behind one of the windows, the expansion behavior of the balloon was observed through the other window by a high-speed camera. Table 1 .
The visual observation experiments were conducted by heating an acrylonitrile-based microballoon [1, 7] in the view cell from 80 to 220 o C. The blowing agent in the balloon was an 86:14 mixture of i-pentane and n-octane. The black dotted line and the black solid line represent the temperature profile and the change in the radius of the expanding microballoon, respectively. The expansion ratio was given by the ratio of the radius at time t to the initial radius of the microballoon.
The values of the model parameters are given in Table 2 . In the simulation, both hydrocarbon blowing agents had the same mass transport coefficients (km1 =km2 ) and permeability coefficients (
. The values of km,k, and kp,k, and the rheological parameters, AG and A τ , were determined such that the simulation calculation would fit the experimental data as close as possible. Other parameters were obtained from the references.
When the expansion behavior was calculated, the experimentally-obtained temperature was approximated and simulated by a ramp function and the simulated temperature was imposed to the simulation program. Figure 5 Experimental and simulation results of microballoon expanding in air Even though the fitting parameters were still needed, the expansion behavior of the microballoon described by the developed models was in good agreement with the observed behavior. In particular, the temperature at which the microballoon began expanding was exactly the same as that observed in the experiment. The elastic behavior of the expanding microballoon was also expressed by the simulation. The shrinkage of the microballoon induced by gas escape was simulated even though there was a discrepancy in the rate of shrinkage between the experiment and simulation.
The discrepancy in shrinkage behavior might be caused by the incompleteness of modeling the diffusion process: In the real process, a mass transfer of the liquid blowing agent in polymer shell may occur, the phase transition of the blowing agent from liquid to gas may occur in the polymer shell. In addition, the replacement of the gaseous blowing agent with air might occur. Those phenomena could not be expressed by the present models. Figure 6 compares the expansion behavior of the microballoon in a polymer matrix observed by experiment with that described by the simulation. The visual observation experiments were conducted by heating the same microballoon that we used in the free-expansion experiments (expansion in air). Most of the model parameters describing the microballoon were the same as those presented in Table 2 , except for the rheological properties. The rheological parameters of the matrix polymer (polystyrene) were tuned to make the simulated expansion behavior as close to the experimental profile as possible.
The resulting model parameters are listed in Table 3 . The black and red solid lines represent the experimental and simulated expansion behavior of the microballoon, respectively. Due to the presence of a matrix polymer, the expansion behavior was suppressed and the shrinkage rate was reduced to some extent compared with the expansion behavior in air.
The simulation successfully described the observed expansion and shrinkage behaviors. 
SENSITIVITY ANALYSIS
Using the developed model, a sensitivity analysis was conducted to determine the effect of elasticity, the relaxation time of the shell polymer, and the permeability of the blowing agent on the expansion behavior. For the analysis, the mathematical model of free expansion (in air) with a single-component blowing agent (pentane) was used. The values of the model parameters are presented in Table 4 . Figure 7 shows the expansion behaviors of the balloon with the different elasticity of the shell polymer. The balloon expansion ratio was defined by the ratio of the radius of the balloon at time t to the initial radius. As the elastic modulus of the shell polymer increased, the onset temperature of expansion was shifted to higher temperatures and the degree of initial deformation of the microballoon was reduced.
Furthermore, the maximum expansion ratio was increased with the increase in elastic modulus. These behaviors could be explained in the following way: because of the increase in the onset temperature of expansion, the difference between inside and outside pressures at the onset, which is the driving force of balloon growth, was increased and as a result, the degree of the balloon deformation (expansion) was increased. Figure 7 Effect of elastic modulus of shell polymer on expansion behavior Figure 8 shows the effect of the relaxation time of the shell polymer on microballoon expansion; the simulation was carried out by changing the relaxation time τ of the shell polymer. As shown, the temperature required to reach the maximum expansion ratio increased and the amplitude of the maximum expansion ratio decreased as the relaxation time increased. Figure 9 shows the effect of the permeability of the gaseous blowing agent in the shell polymer, kp,k, on the expansion behavior. The simulation was carried out by changing the permeability of the blowing agent in the shell polymer. The effect of the permeability was prominent. As the permeability increased, the maximum expansion ratio was reduced and the size of the microballoon quickly decreased.
From the sensitivity analysis, the following microballoon design strategy could be Figure 8 Effect of relaxation time on expansion behavior established: to increase the expansion temperature, the elastic modulus of the shell polymer must be increased. To increase the maximum expansion ratio, the relaxation time and permeability must be reduced. The permeability should be reduced to prevent the microballoon from shrinking quickly and maintain the dimensional stability of the resulting foams.
CONCLUSIONS
A mathematical model was developed to describe the expansion behavior of a microballoon in air and in a polymer matrix. Because some of the physical properties of the microballoon, such as the viscosity of the shell polymer, were not experimentally available, Figure 9 Effect of permeability on expansion behavior of microballoon estimates were used for the simulation. Those estimates may induce some discrepancy between the simulation and experimental results. However, the present model was able to describe the intrinsic expansion behavior of a microballoon. For example, as the relaxation time of the shell polymer increased, the amplitude of the expansion ratio decreased and the expansion behavior was decelerated. Similar behavior was observed when the permeability coefficient of the shell polymer increased. When the permeability of the blowing agent in the shell polymer increases, the shrinkage of the balloon becomes prominent. To reduce the degree of shrinkage, crosslinking could be employed. However, crosslinking also increases the elastic modulus of the shell polymer and reduces the degree of initial expansion. The models are not perfect at the present stage but they can be used to optimize microballoon design semi-quantitatively. For further improvements of the simulation accuracy, the additional models are needed to describe the phenomena that air, Table 1 Experimental conditions of microballoon in air Table 2 Simulation Parameters (balloon in air) Table 3 Experimental conditions and simulation parameters (balloon in polymer) Table 4 Model Parameter values for sensitivity analysis
